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Todd Hewitt broth (THB) was prepared according to the manufacturer's recommendations (Oxoid). In early experiments thepH was adjusted to 7.4 before autoclaving but it was found that the pH of THB sometimes rose considerably on storage. In later experiments the pH was adjusted after autoclaving, by the addition of membrane-filtered 1 . 0~ HCI to the sterile broth before use.
Anaerobic culture methods were as previously described (Fraser and Smith, 1975) . Cultures were prepared from lyophilised stock and maintained in CMB medium. An inoculum (0.1 ml) of an overnight anaerobic culture in CMB incubated at 37°C was added to 10 ml presteamed medium and incubated anaerobically at 37°C for 48 h. A second serial 48-h culture was made with an inoculum of 0.1 ml from the first 48-h culture. The purity of growth in the second serial culture was carefully checked. When an organism did not grow or grew very poorly in a particular medium, a further attempt was made with an inoculum of 1.0 ml, incubating each serial culture for 96 h.
Growth was estimated visually and recorded as follows: + + + , dense turbidity; + + , moderate turbidity; + , light turbidity or faint turbidity with many cells seen by microscopy in a wet film; f, faint turbidity with few cells present on microscopy; -, no turbidity, or no cells seen on microscopy.
The supernates of the second serial cultures were tested for neuraminidase activity. The cultures were centrifuged (800 g for 60 min. at 4°C) and 5-ml samples of the centrifuged supernates were stored at -20°C before assay. In addition, the centrifuged supernates of C. botuhum cultures were passed through a membrane filter (0.2-pm pore) to ensure the removal of all organisms.
Preparation of cell extracts. Cell extracts were prepared from the centrifuged cell deposits of the second serial cultures of a number of strains grown in PPWS or CMB medium.
Cooked-meat particles were allowed to settle and the broth was removed for centrifugation. All the supernate was removed from the packed cell deposit after centrifugation (1200 g for 90 min. at 4°C) and the cells were resuspended in 2 ml sterile normal saline. The resuspended cells were subjected to ultrasonic disintegration for 15-30 min. in an ice bath until the sample was no longer turbid (Fraser and Collee, 1975) . These uncentrifuged cell extracts were stored at -20°C until assayed for neuraminidase.
Substrate for neuraminidase assays. Two batches of human glycoprotein substrate FVII (Fraser and Smith, 1975) were used. Batch FVII(6) was used at a final concentration in the 0.5-ml test volume of 4.0 mg FVII per ml as previously (Fraser and Collee, 1975) ; this batch contained about 4-2 % of N-acetyl neuraminic acid (NANA) and the final concentration of releasable NANA in the reaction mixture was thus c. 168 pg per ml. The concentration of NANA-rich glycoprotein may vary in different batches of FVII and it is preferable to express the concentration of substrate used in assays in terms of the amount of NANA that can be released from the substrate. Batch FVII(7) was used at a final concentration of 140 pg NANA per ml.
Assay for neuraminidase activity. The standard assay was as described by Fraser and Collee (1 975) . Initial assays for neuraminidase activity in culture products were incubated for 60 min. before assay for free NANA. Test spectrophotometric readings at 549 nm were corrected by subtraction of the sum of the values for separate enzyme and substrate controls. When the 60-min. assay clearly showed neuraminidase activity, the assay was repeated with a 15-min. incubation period. When the 60-min. assay showed little or no activity, tests were incubated for 24 h in order to demonstrate the presence or absence of detectable neuraminidase activity.
Tests that gave low corrected spectrophotometric readings (I&) were further examined with a Pye-Unicam SP8OOOA spectrophotometer to determine whether the absorption peak was at 549 nm. In order to demonstrate clearly whether a low assay value was or was not due to the presence of NANA, it was occasionally necessary to read the absorption curve of the test mixture against a time-zero (TO) control test (Fraser and Smith, 1975) , rather than the enzyme control, as reference sample.
The corrected results of neuraminidase assays have been graded as follows: + + + , in 24-h assays but absorption peak clearly shown at 549 nm; -, no peak at 549 nm demonstrable in 24-h assays.
Tests for the efects of culture products on the NANA assay. Tests to demonstrate whether false negative results might be attributable to destruction of NANA by N-acetyl neuraminic acid-aldolase (NAN-aldolase EC 4.1.3.3) were performed on all culture supernates or cell extracts that gave low positive (+ or &) or negative results in the 24-h assay for neural minidase (see Fraser and Smith, 1975) . Culture products that did not reduce the assay value for 10 pg NANA (E549 c. 0.5) by 0.1 or more during incubation for 24 h were regarded as having insignificant NANA-destroying activity.
Efect of Ca2+ and EDTA on neuraminidase assays. CaC12 .2H20 (BDH, Analar) or EDTA (ethylenediaminetetra-acetic acid disodium salt, BDH, Analar) were added to the acetate buffer used in the neuraminidase assay. The final concentrations of added Ca2+ or EDTA in the reaction mixtures were 3 m Ca2+, 1mM Ca2+, 1mM EDTA or 5 m EDTA. The enzyme preparation (0.1 ml) and the acetate buffer containing Ca2+ or EDTA (0.1 5 ml) were mixed and held at 37°C for 30 min. before addition of the substrate FVII (0.25 ml) and the start of incubation of the neuraminidase assay. Separate enzyme and substrate control tubes contained the equivalent volumes of acetate buffer in place of the substrate and enzyme respectively. Enzyme control assays also contained the appropriate amount of added Ca2+ or EDTA.
The C. perfringens neuraminidase tested was a dialysed preparation (P9D3) of supernate from a bulk culture of strain L2Ab in PPW5 broth (P9) prepared as for the standard preparation (P9D2) used by Fraser and Smith (1975) . Vibrio cholerae Receptor-Destroying Enzyme (Wellcome; RDE) was used as V. cholerae neuraminidase.
RESULTS
Neuram in idase product ion by Clostr idium perfringens, Clostridium sep ticum , C Ios tr idium chau voei and Clos tridium ter tium Table I gives the data for production of neuraminidase by various strains and species of clostridia examined in this study. Strain L2Ab, a classical neuraminidase-producing strain of C. perfringens type A, grew well in both PPWS and THB media, producing large amounts of neuraminidase in the culture supernates. Cell-associated neuraminidase was also demonstrable with the PPWS culture, but the enzyme is predominantly extracellular. Good production of neuraminidase was also found in PPWS culture supernates of strains of C. perfringens types B, C, D and E.
The production of large amounts of neuraminidase by strains of C. septicum is also easily shown by these techniques and the results for strain NCTC547 are typical of those obtained with other strains of C. septicum.
The two strains of C. chauvoei tested did not grow well in PPWS broth and they failed to grow in THB medium. Nevertheleless, strain CC2 produced moderate amounts of neuraminidase in the PPWS culture supernate. Neuraminidase production by strain NCTC8070 was demonstrated when the incubation time of the assay was prolonged to 24 h; the enzyme was predominantly extracellular. The low values for neuraminidase activity in the culture supernate and the cell extract were not due to NAN-aldolase activity.
Two strains of C. tertium produced small amounts of neuraminidase; more enzyme was produced in PPWS culture supernates although the organisms grew better in THB medium. Studies with Clostridium sordellii and Clostridium bifermentans Most of the 12 strains of C. sordellii grew well in PPWS broth and the supernates of all these cultures contained neuraminidase (table I). These cultures in PPWS broth gave high enzyme-control readings (E549) due to the formation of a chromogen with a peak absorption at 530 nm (Fraser and Smith, 1975) and it was occasionally necessary to use a time-zero (To) control test as
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reference sample (see Methods). The enzyme was predominantly extracellular in the two strains tested for intracellular enzyme. Several strains grew rather poorly in THB medium but neuraminidase activity was still clearly demonstrable in the culture supernates. Enzyme control values (EJ49) were low in THB culture supernates and there was no difficulty in demonstrating the absorption peak at 549 nm of the chromogen formed in neuraminidase assays.
By contrast, the five strains of the closely related C. bifermentans examined could not be shown to produce neuraminidase activity in culture supernates of either medium. The values for enzyme control tests were high in assays with PPWS culture supernates but comparison with To control tests confirmed that there was no increase in value in tests incubated for 24 h. No cell-associated enzyme activity was shown in 24-h assays with the cell extracts of PPWS cultures of three strains. These negative results were shown not to be due to presence of NAN-aldolase activity. 
Studies with Clostridiurn novyi (oedematiens)
No neuraminidase was demonstrable in cultures of 10 strains of C. novyi, types A to D. Table I1 shows that some strains grew poorly in the test media, although the PPWS broth was supplemented with cysteine and dithiothreitol (PPWSS), and a large inoculum and prolonged incubation time were used. No A. G. FRASER neuraminidase activity could be shown in culture supernates in PPW5S or THB media even in assays incubated for 24 h. Culture supernates and cell extracts of four strains grown in CMB medium were also neuraminidase-negative. No significant NANA destruction was found with the majority of these culture supernates or cell extracts; the remainder produced a small reduction in the assay value for NANA after incubation for 24 h, but in no instance was this fall in reading (E549) greater than 0-15 and this would not have obscured significant neuraminidase activity. Table I11 shows the other strains of clostridia that did not produce neuraminidase; no activity was demonstrable in 24-h assays in any of the culture supernates. A few strains that grew poorly in one of the test media showed better growth in the other. None of the culture supernates contained significant NANA-destroying activity. Table IV compares the effect of varying the concentration of Ca2f in the assays of neuraminidase from C. perfringens and V. cholerae. Assays of pure NANA were not affected by the presence of these amounts of Ca2+ or EDTA. The V. cholerae enzyme is very calcium-dependent and its activity in our assay can be almost doubled by the addition of 3mM Ca2f to the reaction mixture. By contrast, the activity of the C. perfringens enzyme is not increased by the addition of 3 m~ Ca2+; 5 m~ EDTA reduced the assay value by c. 21 % only.
Studies with other neuram in idase-nega t ive clos tr idia

Eflect of Ca2+ and EDTA on neuraminidase assays
The calcium dependence of the neuraminidase produced by other clostridia was assessed under our standard assay conditions with no added Ca2+ and with added 3 m~ Ca2+. Neuraminidase-containing PPW5 culture supernates of the following strains were tested (see table I): C. perfringens L2Ab; C. septicum NCTC547; C. chauvoei CC2 and NCTC8070; C. tertium CTl and NCTC541; C. sordellii CB3 and NCTC8780. Culture supernates with strong neuraminidase activity were diluted in the acetate buffer before testing in 15-min. assays and the time of incubation of assays of supernates with weak neuraminidase activity was prolonged in order to give assay results in the range 0+0.6. In no instance was there increased activity in the presence of the added Ca2+. 
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Further tests were performed with the PPW5 and THB culture supernates of C. bgermentans strains B4, NCTC506, NCTC1341 and NCTC6928 that could not be shown to contain neuraminidase in standard assays (see table I ). The 24-h assays remained negative in the presence of added 3 m~ Ca2+.
DISCUSSION
The neuraminidase of C. perfringens type A was one of the first to be discovered (McCrea, 1947) and has been well characterised (Cassidy, Jourdian and Roseman, 1966) . Collee (1965a) reported that the enzyme was also produced by strains of types By C, D and E and this was confirmed during the present studies. Although most classical strains of C. perfringens type A produce large amounts of neuraminidase, some produce only small amounts and a number of food-poisoning strains are neuraminidase-negative (Fraser and Collee, 1975 ).
An organism that is shown to produce the enzyme is clearly neuraminidasepositive ; it is more difficult to be certain that an organism is truly neuraminidasenegative and can never produce it. The assay procedures developed by Fraser and Collee (1975) to define true neuraminidase-negative strains of C. perfringens were used in the present study. Neuraminidase-positive clostridia were shown to produce the enzyme in culture supernates in both PPW5 and THB media although there were often considerable differences in the relative amounts produced and these did not correlate clearly with differences in the relative amounts of growth in the two media. Neuraminidase-negative strains could not be shown to produce the enzyme in either medium, even when assays were incubated for 24 h. Clostridial neuraminidase is essentially extracellular but several neuraminidase-negative strains were further tested to confirm that no cell-associated enzyme could be detected after disruption of the cells.
The pH optimum of a particular neuraminidase may vary considerably when tested with different substrates (Rafelson, Schneir and Wilson, 1963) , with different buffer ions (Cassidy et al., 1966; Fraser and Smith, 1975) or at different ionic strengths (Rosenberg and Schengrund, 1976) . Optimal pH values quoted for bacterial neuraminidases are usually in the range 43-63 (Drzeniek, 1972) ; in the present studies, acetate buffer at pH 5.1 was used as this was found to be optimal for C. perfringens neuraminidase in earlier studies with FVII substrate (Fraser and Smith, 1975) .
Neuraminidases from different sources vary in their calcium dependence and their sensitivity to EDTA (Boschman and Jacobs, 1965; Drzeniek, 1972) . C. perfringens neuraminidase is not calcium-dependent (Cassidy et al., 1966) and the present studies showed that the enzyme produced by other clostridial species is also calcium-independent. Ca2+ was not added to our assays as a routine, but ,culture products of C. bifermentans and C. novyi retested with the addition of Ca2+ remained negative. It is thus unlikely that our inability to demonstrate neuraminidase production by other clostridia was due to lack of Ca2+ in the reaction mixtures.
The assay for C. perfringens neuraminidase may be complicated by the presence of NAN-aldolase which may destroy the NANA that is released, but this does not usually prevent detection of quite small amounts of neuraminidase in our assay (Fraser and Collee, 1975) . In the present studies, none of the culture products assayed contained sufficient NANA-destroying activity to interfere significantly with the assays for neuraminidase ; negative results are thus not attributable to destruction of released NANA by NAN-aldolase. The clostridial species that produced neuraminidase in the present study were C. perfringens, C. septicum, C. chauvoei, C. tertium and C. sordellii; all strains tested were neuraminidase-positive. The other clostridial species tested were all neuraminidase-negative.
C. septicum and C. chauvoei are usually regarded as separate species but the differences between them are very small; Willis (1969) discussed the arguments for regarding them as two types of a single species. Warren and Spearing (1963) noted the presence of neuraminidase activity in a lyophilised preparation of C. septicum toxin. Gadalla and Collee (1968) found that the enzyme was produced by all of 15 strains studied. Muller and Schallehn (1972) detected the enzyme in two strains of C. chauvoei (C. feseri) by electrophoretic methods. The present study confirmed that strains of C. septicum generally produce large amounts of neuraminidase whereas the two strains of C. chauvoei produced rather small amounts under the same test conditions. Howe et al. (1957) reported that C. tertium produced an enzyme that destroyed myxovirus receptor substances. Muller and Werner (1 974) demonstrated neuraminidase production by a strain of C. tertium and the present study confirmed that small amounts of the enzyme were produced by two other strains.
C. sordellii and C. bijiermentans are very closely related and there has been considerable debate as to whether or not they should be regarded as separate species (see Willis, 1969) . Pathogenic strains of C. sordellii produce the p-toxin whereas C. bifermentans is non-toxigenic, but this is not an adequate criterion for classification as non-toxigenic strains of C. sordellii also occur. Nakamura et al. (1975) used numerical taxonomy and DNA homology in a reinvestigation of this problem. They scored for 162 features (not including neuraminidase activity) and concluded that the two species could be reliably differentiated by only a few biochemical tests-fermentation of mannose and sorbitol, urease activity, arginine deamination and growth inhibition by mannose. Warren and Spearing (1963) noted neuraminidase activity in a preparation of C. sordellii toxin, and White and Mellanby (1 969) separated the neuraminidase from the toxic activity in the culture supernate of a strain of C. sordellii. The present finding that all of 12 strains of C. sordellii produced neuraminidase but that none of five strains of C. bijiermentans did so suggests that this may be another character that distinguishes the two species. Soloviev et al. (1972) have suggested that tests for neuraminidase production may be of value in studies of vibrio taxonomy and it now appears that they may also be of interest in certain aspects of clostridial taxonomy.
C. sordellii is a rare cause of wound infection in man and animals (Willis, 1969) . The finding that neuraminidase production is one of the few features that distinguish this organism from the non-pathogenic C. bifermentans might suggest that neuraminidase plays a part in the pathogenicity of C. sordellii. White and Mellanby (1969) were unable to show an enhancing effect when C.
sordellii neuraminidase was added to j3-toxin in guinea-pig skin tests, but they did not study actual infection with the organism.
It has been suggested that neuraminidase may play a part in the pathogenesis of clostridial infections (Collee, 1965b; Gadalla and Collee, 1968 ; Muller, 1970a and b ; Muller and Schallehn, 1972; Fraser and Collee, 1975) although there is little direct evidence for this. Neuraminidase action has been shown to alter a wide range of properties and functions of important proteins and cells (tabulated by Rosenberg and Schengrund, 1976) . Muller (1974) reviewed the possible role of neuraminidase in bacterial infections. He argued that there is a correlation between virulence and the ability to produce large amounts of neuraminidase in vivo for a variety of strains and species of bacteria and he suggested that neuraminidase-producing organisms are more likely to be successful in a wide range of infections. Gadalla and Collee (1968) showed that neuraminidase is produced in vivo during experimental infections with C. septicurn, and similar hdings have been made in tissues taken from guinea-pigs with experimental C. perfringens gas gangrene (unpublished results). Muller ( 1 970b) demonstrated changes attributable to neuraminidase in the glycoproteins of the wound exudate from a patient with a C. septicurn infection and this also shows that neuraminidase is produced and active in vivo.
Neuraminidase might conceivably influence an organisms's invasiveness, or its ability to gain access to a target site or receptor. C. septicum and classical strains of C. perfringens type A both produce large amounts of neuraminidase and are important causes of gas gangrene in man, in whom they are invasive pathogens when infection is established. However, C. novyi type A, the other important cause of gas gangrene, is also invasive and is neuraminidase-negative. Of the other neuraminidase-positive species, C. chauvoei is pathogenic for animals (blackquarter) but not for man and C. tertium is regarded as nonpathogenic. C. tetani and C. botulinum, both neuraminidase-negative, are important non-invasive and essentially toxic human pathogens. C. sporogenes, which is closely related to C. botulinum, is neuraminidase-negative and essentially non-pathogenic, but C. histolyticum and C. fallax are neuramiiiidasenegative histotoxic clostridia with invasive potential. The other clostridia found to be neuraminidase-negative in this study are regarded as non-pathogenic (see Willis, 1969 and 1977) .
It is clear that there is no strict correlation between neuraminidase production and the ability of various clostridial species to cause wound infection. However, several pathogenic species produce neuraminidase in addition to recognised toxins and it is possible that this may contribute to their virulence. Further studies are in progress to determine whether there is any correlation between virulence and neuraminidase production in strains of those species that produce the enzyme.
SUMMARY
The production of neuraminidase (EC 3.2.1.18) by a range of clostridial species was investigated with techniques previously developed to distinguish neuraminidase-negative and neuraminidase-positive strains of Clostridium perfringens (welchii). Large amounts of extracellular neuraminidase were produced by representative strains of C. perfringens and C. septicum in the test media. Under similar conditions, two strains each of C. chauvoei and C. tertium were found to produce small amounts of the enzyme. All of 12 strains of C. sordellii were clearly shown to produce neuraminidase, often in large amounts, but none of five strains of the closely related but non-pathogenic C. bifermentans had demonstrable neuraminidase activity. No neuraminidase was produced by C. novyi (oedematiens) types A-D (10 strains), C. tetani (6), C. botulinum types A, B, C or E (4), C. sporogenes (4), C. histolyticum (4) or by single strains of five other clostridial species.
Clostridial neuraminidase was predominantly extracellular and was not calcium-dependent. The investigation took account of variations in growth and enzyme production in different media. It was necessary to prolong the neuraminidase-assay reaction time to 24 h and to monitor for the presence of NAN-aldolase (EC 4.1.3.3) to define true negatives. It is suggested that neuraminidase production may be of value in taxonomic studies and that its production by several pathogenic species of clostridia may be of interest in studies of pathogenicity and virulence.
